The planar benzotrithiophene unit (BTT) was incorporated into four different donor polymers, and by systematically changing the nature and positioning of the solubilizing alkyl side chains along the conjugated backbone, the polymers' frontier energy levels and optoelectronic properties were controlled. Reducing the steric hindrance along the polymer backbone lead to strong interchain aggregation and highly ordered thin films, achieving hole mobilities of 0.04 cm 2 /(V s) in organic thin film transistors. In an attempt to increase the polymer's processability and reduce chain aggregation, steric hindrance between alkyl side chains was exploited. As a result of the increased solubility, the film forming properties of the polymer could be improved, but at the cost of reduced hole mobilities in OFET devices, due to the lack of long-range order in the polymer films.
■ INTRODUCTION
Silicon is one of the most common semiconductors used in the fabrication of electronic components, despite the high production costs of electronic grade silicon and its very brittle character. Cheaper and more versatile semiconductors based on organic materials are poised to enter the market, especially for applications requiring flexible substrates and low manufacturing costs (i.e., thin flexible displays, one-way electronics, radiofrequency identification tags, etc.). 1 However, to gain market share over inorganic silicon, it will not be enough for organic semiconductors to be compatible with flexible substrates and cheaper in production than silicon, but they will have to achieve comparable electronic properties, notably similar carrier mobilities (∼1 cm 2 /(V s) for amorphous silicon) and lifetimes. Extensive work has been done in recent years to investigate how the molecular structure of semiconducting polymers influences the charge carrier mobility and what parameters can be modified to enhance device lifetime and processability.
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Herein we present a series of benzotrithiophene (BTT)-based donor copolymers (Scheme 1), on which electronwithdrawing carbonyl groups have been introduced to the polymer backbone to modulate the polymer's frontier energy levels, thus allowing us to investigate the effects on charge carrier mobilities and device lifetimes. However, the carbonyl groups not only influence the electronic structure of the materials but also have a significant influence on the molecular packing and the solubility of the polymers; therefore, a second set of polymers with head-to-head alkyl chain arrangement was synthesized to increase solubility in organic solvents.
■ RESULTS AND DISCUSSION
The BTT moieties were synthesized according to our previously published synthetic pathways. 10, 11 To favor intermolecular packing of the BTT cores, we decided to attach long linear hexadecyl and hexadecanoyl side chains. The electronwithdrawing character of the acyl side chain perturbs the electron distribution of the BTT core compared to the alkyl side chain, as depicted in Figure 1 . In contrast to the alkylated BTT, the HOMO of the acylated BTT (COBTT) is no longer distributed over the entire BTT core but splits up into a delocalized wave function on the lower benzodithiophene unit and a second more localized wave function on the upper thiophene, to which the carbonyl group is attached. In addition, a significant portion of the lowest unoccupied molecular orbital (LUMO) is located on the carbonyl group of the COBTT unit, whereas in the case of the BTT moiety, the LUMO is mainly located on the BTT core and not on the attached alkyl chain.
Besides modifying the frontier energy levels of BTT copolymers, we were interested in tuning the processability as well. The positioning and the steric hindrance caused by the addition of alkyl chains will determine solubility and molecular packing. 12 In this study we combined both BTT donor moieties with either 4,4′-dihexyl-2,2′-bithiophene, which introduces a tail-to-tail (tt) or 5,5′ coupling between two adjacent thiophene rings, or with 3,3′-dihexyl-2,2′-bithiophene, causing a head-tohead (hh) or 2,2′ coupling.
By extending our previously published synthetic route, a range of brominated BTT monomers were easily accessible (Scheme 1). 10, 11 Whereas the dibromination with Nbromosuccinimide proceeds smoothly in the case of the acylated BTT (1) at the α-positions, we have previously found the electrophilic substitution to be more difficult at these positions in the case of the alkylated BTT (5), and the bromination conditions needed to be adjusted to achieve a higher selectivity. After Suzuki−Miyaura coupling with 2-(3-hexylthiophen-2-yl)boronic acid pinacol ester and subsequent bromination, the final monomers 4 and 8 were obtained in good purities and high yields. Both monomers were homopolymerized in the presence of hexamethylditin and tetrakis(triphenylphosphine)palladium(0) to yield polymers COBTT-2Ttt and BTT-2Ttt, respectively.
13 Polymers COBTT-2Thh and BTT-2Thh were synthesized by copolymerizing compounds 2 and 6, respectively, with (3,3′-dihexyl-2,2′-bithiophene-5,5′-diyl)bis(trimethylstannane) (Scheme 2).
All four polymers were end-capped after successful polymerization with phenyl end-groups to ensure the removal of reactive trimethyltin or bromide groups, which have been shown to cause charge trapping in organic field effect transistors.
14 It is noteworthy that because of the noncentrosymmetric nature of the different BTT monomers, the synthesized polymers should be regiorandom in nature. After precipitation in methanol, the crude polymers were purified by Soxhlet extraction; the chloroform fractions, or chlorobenzene fraction in the case of BTT-2Ttt, were washed with an aqueous solution of sodium diethyldithiocarbamate to remove residual palladium. 15 Because of the high tendency of some of the tail− tail polymers to aggregate in solution, gel permeation chromatography (GPC) was performed at 140°C in 1,2,4-trichlorobenzene, and the results are summarized in Table 1 .
COBTT-2Ttt was observed to aggregate in solution, and even though the GPC traces were recorded at 140°C, the aggregation could not be overcome and the molecular weight determination was unsuccessful. All other polymers were synthesized with good molecular weights and reasonable dispersities. Thermal gravimetric analysis revealed the exceptional thermal stability of all polymers, and the lowest decomposition temperature was observed for BTT-2Ttt at around 450°C.
We observed significant differences between the solution and solid-state UV−vis absorption spectra, depending on the alkyl side chain attachment (see Figure 2 ). In the case of a head-tohead coupling between adjacent thiophene rings, a significant backbone twist reduces electron delocalization, and thus the spectra of COBTT-2Thh and BTT-2Thh are hypsochromically shifted compared to their tail-to-tail coupled counterparts. BTT-2Thh presents the most blue-shifted absorption peaks in solution and solid state of all studied polymers. In the solid state, the absorption peak is only slightly red-shifted but significantly broadened (∼40 nm) compared to the solution spectrum ( Table 2 ). The similarity of the solution and solid state spectra and the lack of vibronic features in the latter are indicative that the BTT-2Thh polymer does not exhibit a strong tendency to order, which is reflected in the polymer's excellent solubility and processability.
The introduction of a carbonyl group on the BTT moiety leads to a second absorption peak at shorter wavelengths (∼350 nm), as observed in both solution and solid state UV−vis absorption spectra of COBTT-2Thh. 16 It also seems that the peak at around 500 nm in the solution spectrum shows weak vibronic features at lower energies, thus suggesting that the introduction of the carbonyl group on the BTT unit promotes aggregation in solution. This observation is further substantiated by considering the solution spectra recorded at various temperatures ( Figure S1 ). The peak shape sharpens as a function of increasing temperature and the weak vibronic features are disappearing, hence supporting the hypothesis of an increased aggregation of COBTT-2Thh in solution. We speculate that this increased aggregationnal behavior of COBTT-2Thh is the result of dipolar intermolecular interactions originating from the carbonyl groups and leading to stronger interchain interactions compared to BTT-2Thh.
For the tail-to-tail coupled BTT polymers, the UV−vis absorption spectra are dominated by the polymers strong tendency to aggregate. The absorption spectra of both tt copolymers are red-shifted compared to the hh copolymers. This bathochromic shift finds its origin in the more planar backbone which allows a better electron delocalization along the conjugated polymer backbone and stronger π−π interactions compared to the twisted head-to-head polymers. The solid state absorption spectra of both COBTT-2Ttt and BTT2Ttt present similar vibronic features and are only slightly redshifted compared to the solution spectra, which supports the idea of polymer aggregates in solution. To elucidate the absorption spectra of fully dissolved polymer chains, the absorption spectra were measured at different temperatures as depicted in Figure 3 .
The well-defined vibronic transitions in the UV−vis spectrum of BTT-2Ttt at 15°C reduce intensity at higher temperatures, revealing the hypsochromically shifted spectrum of the solvated polymer with a maximum around 470 nm ( Figure 3B ). In case of COBTT-2Ttt, the aggregation in d Determined by TD-DFT on the energy-minimized tetramers (B3LYP/6-31G*), alkyl chains were substituted with ethyl groups. solution seems to be much more pronounced, so that even at 75°C the absorption spectrum is dominated by vibronic transitions. The deconvoluted absorption bands are depicted in the difference spectra shown in Figure 3C ,D and stress the importance of polymer chain aggregation in solution. For both polymers the low-energy absorption bands (∼550 and ∼600 nm) attributed to polymer aggregates decrease with increasing temperature, and new absorption bands from fully solvated polymer chains evolve around 450 nm.
Besides the influence the alkyl chain positioning has on the absorption properties, this structural feature can also be exploited to tune the frontier energy levels ( Table 2) . As previously mentioned, the head−head coupling causes a backbone twist, which reduces the effective conjugation length and increases the optical bandgap. The bandgap of BTT-2Ttt was estimated to be 1.9 eV, and the highest occupied molecular orbital (HOMO) energy level was measured to be −4.8 eV by photoelectron spectroscopy in air. Compared to the backbone twisted BTT-2Thh, the tail−tail coupled polymer has a 0.3 eV higher lying HOMO energy level, resulting in a smaller bandgap than for the BTT-2Thh polymer because the LUMO energy levels are not affected by the alkyl chain positioning on the polymer backbone. The introduction of the electronwithdrawing carbonyl groups on the BTT unit lowers the LUMO energy levels of both COBTT polymers by 0.4 eV compared to the BTT polymers, but the overall bandgaps are barely affected (∼2.0 eV). In addition, the alkyl chain arrangement has less of an effect on the HOMO energy levels, which have been measured to be −5.3 eV for COBTT-2Ttt and −5.4 eV in the case of BTT-2Ttt. As we have previously emphasized that the presence of carbonyl groups encourages interchain aggregation and as a consequence reduces backbone twisting, therefore lowering the HOMO energy levels less than in the case of the head-to-head coupled BTT copolymers.
Density functional theory calculations were employed to investigate the frontier orbital wave functions distribution and how the electron-withdrawing carbonyl, the induced backbone twist, influences them. Because the calculation load increases rapidly with the number of atoms, we will focus on the optimization of tetramers with shorter ethyl side chains. Even though ethyl side chains are much shorter than hexyl or hexadecyl ones, they will allow us nevertheless to model the steric hindrance at reasonable computational costs.
The optimized ground state geometry of the tetramers was calculated using the B3LYP hybrid functional and the 6-31G* basis set. 17 The HOMO and LUMO wave function distributions of both COBTT-2T isomers are shown in Figure  4 . In the case of COBTT-2Ttt the tetramer adopts a nearly coplanar geometry with small torsional angles of 6°between the two alkylthiophene units. This allows both HOMO and LUMO to be fully delocalized along the conjugated backbone, contrary to the COBTT-2Thh tetramer. On the basis of the blue-shifted UV−vis spectra, one could expect a significantly reduced conjugation pathway and the DFT calculations confirm this assumption. A large torsional angle of ∼70°was measured between the alkylthiophene moieties in the optimized tetramers. This significant torsion of the backbone causes both HOMO and LUMO to be significantly distorted around the bithienyl system. Even though the wave functions are still somehow delocalized over the backbone, they seem to be more localized on the chain segments separated by these large torsional angles. By comparing the hh isomer to the tt one, it is apparent that especially the LUMO distribution on the COBTT unit is more pronounced in the case of the COBTT-2Thh than for COBTT-2Ttt. A similar, but less important, effect is observed for the HOMO distribution, thus confirming that the effective conjugation length is significantly reduced by the introduced backbone twists. The BTT-2T tetramers behave in a very similar way ( Figures S2 and S3 ) with regard to the wave function distribution, but the backbone twist in the BTT-2Thh tetramer does not seem to affect the intensities of the wave functions on the BTT chromophore. This observation might be in relation with the lack of the carbonyl group next to the BTT ring system, which has been shown previously to disturb the electron distribution in the π-conjugated BTT system. 16 Based on the UV−vis absorption studies discussed above and the differences in torsional angles between the different polymers, it has to be assumed that the polymers aggregate differently. Geometrical optimization calculations were performed on an isolated trimer and a trimer stack to gain some insight into how the torsional angles between repeating units are influenced by interchain aggregation. To accommodate the long-range π−π interactions in the geometry optimization of the trimer stack, the ωB97XD functional with the SVP basis set was employed. 18, 19 As the aggregation is playing a more important role in the coplanar tt coupled polymers, we limited our calculations on the study of BTT-2Ttt and COBTT-2Ttt ( Figure 5 ).
As evidenced from the optimized geometries in Figure 5 , it is apparent that both polymers undergo strong intermolecular interactions, which should be beneficial with regard to charge transport. The torsional angle (∼44°) between the BTT core and the 2T system remains nearly unchanged between the isolated trimer and the trimer stack in BTT-2Ttt. However, in the case of the COBTT-2Ttt polymer the torsional angle is decreased by 7°to 43°, when the isolated trimer is introduced into the stacked system. This indicates the importance of the solubilizing alkyl chain placement and its influence on the polymer chain conformation cannot be neglected. In addition, the BTT chromophores seem to undergo close π-stacking interactions (∼3.5 Å) in both polymers, which should promote intermolecular charge hopping and molecular order in the solid state.
Despite the intense aggregation observed for the tt coupled polymers in UV−vis studies, differential scanning calorimetry (DSC) showed only minor signs of crystallinity for the different BTT polymers ( Figure S4 ). Only for BTT-2Ttt phase transitions were observed in the temperature range from 0 to 300°C, whereas all other polymer samples were featureless in this temperature range. According to the first heating and cooling cycles, a broad and partially reversible transition is observed at around 280°C for BTT-2Ttt. The hh coupled BTT polymers did not show any transitions, which was anticipated given the backbone twist which should hinder crystallinity and long-range order. To further investigate the molecular packing of the materials, grazing-incidence X-ray diffraction (GIXD) studies were carried out and the 2D images are presented in Figure 6 .
The most significant differences between the hh and tt isomers are the scattering intensities, which have been found to be more intense in the case of the tt isomers. Additionally the hh polymers prefer a face-on orientation on the substrate, whereas the tt polymers orient normal to the plane of the substrate (edge-on). Two orders of (h00) scatterings are observed in the as-cast film of COBTT-2Ttt. Upon annealing the scattering intensity increases, but the lamellar sheets remain poorly aligned with respect to the substrate as evidenced by the observed arching. The crystallites of BTT-2Ttt are much more oriented both in the out-of-plane and in-plane direction. Upon thermal annealing the out-of-plane scattering intensifies, whereas the in-plane scattering sharpens. BTT-2Ttt adopts a highly ordered lamellar packing with short π−π stacking distances, similar to P3HT. 20 This is in excellent agreement with the DSC measurements, confirming the more semicrystalline nature of BTT-2Ttt compared to COBTT-2Ttt.
Weaker scattering is observed for both COBTT-2Thh and BTT-2Thh polymers compared to the aforementioned tt coupled polymers, suggesting that the conformational disorder introduced by the hh coupling prevents the material from adopting any long-range order in the solid state.
To evaluate the potential of the new BTT polymers as semiconductors, organic field effect transistors were fabricated. In a first attempt, bottom gate−bottom contact (BGBC) devices on hexamethyldisilazane (HMDS) treated SiO 2 substrates with gold electrodes were fabricated. Because of the challenging solubility of the tt coupled polymers, the semiconducting layers were processed from 1,2,4-trichlorobenzene (TCB) and subsequently annealed at elevated temperatures. In Figure 7 , the saturated hole mobility is plotted as a function of annealing temperature. Maximum mobilities were achieved at annealing temperatures around 175°C. On the one hand, the high annealing temperatures help remove residual TCB (bp = 214°C) from the thin film and at the same time the film crystallinity increased as previously determined by the GIXD measurements. The highest hole mobility (0.04 cm 2 /(V s)) was achieved with the BTT-2Ttt polymer with a low threshold voltage of −0.5 V and minor hysteresis, as seen in the transfer curves in Figure 7 . The hole mobility of COBTT-2Ttt was only marginally lower, at 0.01 cm 2 /(V s), but the threshold voltage increased to −8.9 V. The increase in threshold voltage is likely to be linked to an increased number of traps in the polymer film, as the extremely high tendency of COBTT-2Ttt to aggregate made it difficult to purify the polymer accordingly. The charge carrier mobilities dropped significantly for both hh coupled BTT polymers (Table 3) , of which the detailed device characteristics can be found in the Supporting Information ( Figure S5 ).
Thermal annealing increases the hole mobilities of all devices by 1 order of magnitude. To get a better understanding of why the mobilities increase and how the film morphologies of the various BTT polymers are affected, atomic force microscopy (AFM) experiments were carried out on as-cast and thermally annealed thin polymer films (Figure 8 ). The tt coupled polymers have rougher surfaces than their hh coupled counterparts, which is most likely related to the poorer solubility and higher tendency of COBTT-2Ttt and BTT-2Ttt to aggregate. The highly soluble head-to-head coupled polymers form very smooth and homogeneous films with root-mean-squared (RMS) roughnesses not exceeding 0.25 nm in the as-cast films. Thermal annealing of the films at 175°C S13 ). These morphological changes are likely to be related to the more efficient solvent removal at higher annealing temperature. Before thermal annealing the phase image of COBTT-2Ttt shows the presence of randomly oriented short needle-like structures; however, upon annealing these structures are transformed into longer more oriented polymer fibrils. The best performing BTT-2Ttt polymer forms smoother films than the aforementioned COBTT-2Ttt polymer, and its morphology strongly resembles the ones of both head-to-head coupled polymers. Nevertheless, there are subtle differences between those morphologies. BTT-2Ttt shows larger domain sizes and consequently less grain boundaries, which correlates well with the higher hole mobility. The COBTT-2Thh film, on the other hand, presents larger domains at the surface prior to thermal annealing but smaller, homogeneously dispersed domains after annealing at 175°C for 10 min. The presence of a multitude of smaller domains could result potentially in more grain boundaries, which was shown in the past to hinder charge transport due to improved charge trapping. 21 The exact origin of these morphological changes are not yet understood but nevertheless highlight the importance of the alkyl chain placement along the polymer backbone and the significant effects this subtle structural change can have on the film morphology.
One of the aims of this work was to increase ambient stability of the BTT polymers by introducing electron-withdrawing carbonyl groups onto the conjugated backbone. To verify the effectiveness of this approach, the BGBC transistor devices were removed from the protective atmosphere of the glovebox and exposed to ambient conditions ( Figure 9 ). No significant changes in saturated hole mobilities could be observed, suggesting that all polymers are intrinsically stable under ambient operating conditions within the tested time scale.
■ CONCLUSION
We synthesized and characterized four new benzotrithiophenecontaining polymers, and by altering the solubilizing alkyl chain nature and positioning, we were able to not only influence the frontier energy levels but also the polymer's solubility and solid state packing. The steric hindrance along the polymer backbone could be reduced by copolymerizing the BTT unit with 5,5′-dihexyl-2,2′-bithiophene, leading to strong aggregation, in both solution and solid state. The enhanced order of COBTT-2Ttt and BTT-2Ttt, evidenced by GIXD measurements is also believed to be at the origin of the higher hole mobilities (up to 0.1 cm 2 /(V s)) observed in BGBC thin film transistors compared to the head-to-head coupled polymers. Copolymerizing the BTT units with the head-to-head coupled 3,3′-dihexyl-2,2′-bithiophene introduces significant torsional angles along the polymer backbone, which on the one hand increases the polymers processability but on the other hand prevents the polymer chains from ordering in the solid state. The large torsional angles were found to significantly disturb the Synthetic procedures, graphical representations of BTT-2T frontier energy levels, OFET transfer and output curves, temperature-dependent UV−vis absorption spectra, polymer DSC, and AFM images. This material is available free of charge via the Internet at http://pubs.acs.org.
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